This paper studies the spectrum sharing problem between a cooperative relay network (CRN) and a nearby ad-hoc network that operates over the same spectral band. In the uplink CRN transmission, both the source node and relay node can interfere with the ad-hoc links. By virtue of that the CRN can predict the ad-hoc traffic through spectrum sensing, we optimize the spectrum access and resource allocation strategy of the CRN such that the average traffic collision time between the two networks can be minimized while maintaining a required uplink throughput for the CRN. The associated design formulation turns out to be a non-convex optimization problem. By analyzing the optimal spectrum access strategy, we show that this spectrum sharing problem can be reformulated as a convex problem and solved by a low-complexity Lagrangian optimization method. The development is first for a framelevel resource allocation strategy, and then is further extended to an ergodic resource allocation strategy that considers long term average CRN throughput and long term average traffic collision time. For the ergodic strategy, an efficient, practical real-time implementation method is also presented. Simulation results are presented to demonstrate the efficiency of the proposed spectrum sharing strategies.
I. INTRODUCTION
In recent years, spectrum sharing between heterogeneous wireless networks has been recognized as a crucial technology for improving network spectrum efficiency [1] , [2] and network capacity [3] , [4] .
There are two major models for spectrum sharing presently, namely, the open sharing model and the hierarchical access model [1] , [2] . In the open sharing model, each of the coexisting networks has equal right to access the spectrum band, e.g., the unlicensed band, and there is no strict constraint on the interference level from one network to its neighbors. In the hierarchical access model which consists of a primary network and a secondary network, the secondary network, i.e., cognitive radio, dynamically accesses the spectrum provided that the primary users' transmission is almost not affected [1] . In either model, the imposed constraints on inter-network interference make spectrum sharing a challenging task [5] , [6] , especially when there is no explicit coordination between the coexisting networks.
To address this interference issue, cognitive spectrum access strategies have been proposed [7] - [14] for the hierarchical access model, where the cognitive transmitter monitors the primary users' traffic and transmits signals in an opportunistic manner to avoid traffic collisions. While these works focus on MAC-layer spectrum access, there have been works focusing on physical-layer resource allocation of secondary networks, where strict constraints are imposed to limit the induced interference to the primary users; see [15] - [17] and also [18] for an overview. Joint optimization of the spectrum access and resource allocation has been proposed in [19] for an open sharing model that considers spectrum sharing between an uplink system and an ad-hoc network. Specifically, it is assumed that the mobile user, which is in the vicinity of an ad-hoc network, wants to dynamically access the spectrum and communicate with a base station (BS) in the distance. By exploiting the spectrum sensing outcome, the mobile user jointly determines the spectrum access strategy and transmission powers such that the interference to the nearby ad-hoc network can be minimized while a required uplink throughput can be achieved.
In this paper, we study spectrum sharing between a cooperative relay network (CRN) and an ad-hoc network, as illustrated in Fig. 1 . The goal is to investigate the optimal spectrum access and resource allocation strategy of the CRN. The CRN is composed of a source node (e.g., a mobile user), a relay, and a distant destination (e.g., a base station (BS)). The relay can help forward the information message from the source to the BS, and thus the uplink throughput is much higher than the one-hop uplink system in [19] . In order to communicate with the distant BS, the source and relay transmit signals with peak powers, which, however, will induce strong interference to the nearby ad-hoc links operating over the same spectrum band. The ad-hoc transmitters, e.g., wireless sensor nodes, have relatively low transmission powers due to their short communication ranges, and thus their interference to the relay and destination can be treated as noise. Such an asymmetrical interference scenario is known as the "near-far effect" [3] . While both the source and cooperative relay can interfere with the ad-hoc links in the proposed CRN, quite surprisingly, it will be shown that, under the same uplink throughput constraint, the CRN can generate less interference to the ad-hoc links in this cooperative scenario than in the source-only scenario [19] if the spectrum access and resource allocation strategies of both the source and relay are judiciously designed.
We assume that the CRN adopts a two-phase transmission protocol for each transmission frame: in the first phase, the source broadcasts an information message to the relay and BS; in the second phase, the relay employs a decode-and-forward (DF) strategy to forward the message. The source will transmit a new message to the BS in the second phase as well; see Fig. 1 . Moreover, we model the ad-hoc traffics as independent binary continuous-time Markov chains (CTMC) [20] , and assume that the source and relay predict the ad-hoc traffic through spectrum sensing performed before data transmission. We should emphasize that the spectrum access and resource allocation problem for this DF based CRN system is more difficult compared to the one-hop uplink system considered in [19] . Specifically, we need to control the interference to the ad-hoc links not only from the source but also from the relay. Furthermore, the resource allocation between the source and the relay across two transmission phases imposes a much complex optimization problem. The first two contributions of this paper are summarized as follows: 1) We first derive an achievable rate for the DF based CRN system assuming that all nodes employ an OFDM-like technique and transmit and receive signals over parallel sub-channels. We also derive May 13, 2011 DRAFT the average traffic collision time between the CRN and the ad-hoc links by taking into account both the interference from the source and relay. Then, we propose a design formulation that jointly optimizes the transmission power and time over a number of sub-channels (resource allocation) as well as the transmission time intervals in a transmission frame (spectrum access strategy) of the source and relay such that the average traffic collision time can be minimized subject to an uplink throughput requirement for the CRN.
2) The formulated design problem is a difficult nonconvex optimization problem with no closed-form expression for the objective function. We first derive the optimal spectrum access strategy, based on which, we show that the resource allocation problem can be reformulated as a convex optimization problem. To solve this problem in a low-complexity manner, we present a Lagrangian optimization method which has a linear complexity with respect to the number of sub-channels.
The proposed optimal spectrum access and resource allocation solutions in 1) and 2) are on the basis of frames-it minimizes the average collision time with guaranteed uplink throughput for each transmission frame. As most of the frame-level spectrum sharing strategies, there, however, exist several implementation issues. Firstly, the per-frame throughput constraint can be too harsh to achieve for the transmission frames with poor channel quality and adverse sensing outcomes. Secondly, computing the optimal spectrum access and resource allocation solutions for every frame may be too computationally demanding for a practical system [21] . Thirdly, spectrum sensing and channel estimation are usually performed by spatially separated nodes, and thus additional information exchange are required before solving the spectrum access and resource allocation problem. The time overhead required for information exchange and solution computation would cause a considerable time delay between spectrum sensing and data transmission. This sensing-transmission delay would degrade the ad-hoc traffic prediction accuracy and, as a result, cause more unexpected traffic collisions between the CRN and the ad-hoc links.
3) To address these issues, we formulate an ergodic spectrum access and resource allocation problem based on a long term average CRN achievable throughput and a long term average traffic collision time. We show that the solutions of this ergodic design problem can be utilized to develop a lowcomplexity, real-time spectrum access and resource allocation algorithm with negligible sensingtransmission time delay. Most computations of this algorithm are accomplished off-line, leaving only simple tasks for real-time computations.
The proposed designs may provide potential solutions for the coexistence problems of various heterogeneous wireless networks over open shared spectrum bands; e.g., the coexistence between unlicensed [22] , the coexistence between a relay-assisted cellular network and ad-hoc networks including mobile ad-hoc networks [21] and peer-to-peer communication networks [23] , and, in the domain of military communications, the coexistence between the broadband tactical backbone network and local sensor networks and tactical mobile ad-hoc networks [24] .
The remaining parts of this paper are organized as follows: In Section II, the system model and the formulation of joint spectrum access and resource allocation problem are presented. Section III presents a Lagrangian optimization method. The ergodic spectrum access and resource allocation problem and its real-time implementation method are presented in Section IV. Conclusions are drawn in Section V.
For ease of later use, let us define the following notations: The probability of event is denoted
by Pr{ }, and the probability of event conditioned on event is denoted by Pr{ | }. { } represents expectation of over random variable , and { | = } is the conditional expectation of given = . We denote ∥ ∥ 2 as the Euclidean norm of vector , and denote ( ) as the size (measure) of a set, e.g., ([ , ]) = − .
II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION
In the first two subsections, we present the signal models of the CRN and the ad-hoc links, respectively.
In particular, an achievable rate of the CRN will be derived. In the third subsection, we present an average traffic collision time as a measure of the interference from the CRN to the ad-hoc links. The proposed spectrum access and resource allocation design problem will be formulated in the fourth subsection.
A. Cooperative Relay Network (CRN)
We assume that the CRN employs a broadband multi-carrier air interface, where all nodes transmit and receive signals over parallel sub-channels, denoted by = {1, 2, . . . , }. The term "sub-channel"
here represents either a frequency subband or a group of subcarriers in orthogonal frequency-division multiplexing (OFDM) systems [1] . In the temporal domain, all nodes in the CRN transmit and receive signals in a frame-by-frame manner, where each frame has a fixed duration . In practice, the relay node operates in a half-duplex mode [25] . Therefore, each frame consists of 2 phases: In Phase 1, the source transmits signal to the relay and destination via a broadcast channel; in Phase 2, the source transmits a new information message, and, at the same time, the relay uses the DF relaying strategy to forward the information message received in Phase 1 to the destination, which forms a multiple-access channel.
These scenarios are illustrated in Fig. 1 . The time durations of Phase 1 and Phase 2 are set to and
(1 − ) , respectively, where ∈ (0, 1). We assume that the wireless channels of source-relay, source-destination, and relay-destination links satisfy block-fading [26] , which means that the channel coefficients remain static within each frame, and can change from one frame to another. Let ℎ , denote the frequency response of sub-channel between transmitter and receiver , where ∈ { , } and ∈ { , } ( ∕ = ), in which , , stand for the source, relay and destination, respectively. The interference plus noise at the relay and destination are modeled as independent, zero mean, circularly symmetric complex Gaussian random variables, with and denoting the respective peak power spectral densities (PSD) over sub-channel (i.e., the weak interference from the ad-hoc network to the CRN is treated as noise). Hence, the quality of the wireless links can be characterized by the normalized channel power gains
, where is the bandwidth of each sub-channel.
We assume that the source and relay nodes can switch on and off their transmissions freely over each sub-channel, and may transmit only in part of each phase. Let
] denote the set of transmission time of the source over sub-channel in Phase 1, and
denote that of the source and relay in Phase 2, for = 1, . . . , . As the example in Fig. 2 shows, (1) and (2) each may be a union of several disjoint transmission time intervals. Thus, the two sets (1) and (2) determine the spectrum access strategies of the CRN. For convenience, let us define
which represent the transmission time fractions of the CRN in Phase 1 and 2, respectively. It is shown in Appendix A the following lemma on the achievable rate of the CRN: Fig. 1 with parallel sub-channels, the following rate is achievable
Lemma 1 For the decode-and-forward CRN in
, max{ , , , }
)
)] ,
where (1) , and (2) , denote the transmission powers of the source over sub-channel in Phase 1 and Phase 2, respectively; and , is the transmission power of the relay over sub-channel in Phase 2.
The achievable rate in (2) is in fact a generalization of that in [25] where the latter did not consider OFDM air interface with multiple sub-channels. It can be seen from (2) that with the assistance of the relay, the CRN rate is no smaller than the rate achieved by the source-destination direct transmission (DT) [19] , i.e.,
)] .
One can observe that the achievable rate in (2) not only depends on the transmission power
, and , , but also on the transmission time fractions (1) and (2) . Moreover, the achievable rate is a concave function of {
, ,
, , , ,
, (2) , ∈ } according to [27, p. 89] .
B. Traffic Model of Ad-hoc Network
The ad-hoc links are assumed to operate in frequency bands, denoted by ℳ = {1, . . . , }.
Moreover, the th ad-hoc band overlaps with the sub-channels of the CRN in the set ⊆ for 
where the element in the th row and th column of ( ) stands for the transition probability Pr{ ( + ) = − 1| ( ) = − 1} for , ∈ {1, 2}. This CTMC model has been used and verified in many spectrum sharing studies including theoretical analysis and hardware tests; see [9] - [13] , [19] . In practice, the parameters and can be estimated by monitoring the ad-hoc traffic in idle frames [9] .
C. Interference Prediction Based on Spectrum Sensing
We assume that, at the start of each frame, the source node will perform spectrum sensing to detect the ACTIVE/IDLE state of each ad-hoc band. Since the computation capability of the source is quite limited, the source node forwards the obtained sensing results to the destination. The destination first predicts the behavior of the ad-hoc traffic within the frame according to the CTMC model in (4) followed by determining the optimal spectrum access and resource allocation strategies for the source and relay, in order to reduce the interference to the ad-hoc links. Finally, the determined spectrum access and resource allocation strategies are fed back to the source and relay nodes. not very large, the transmission error probability of the ad-hoc network is approximately proportional to the average traffic collision time between the two networks [10] . The average collision time can be predicted based on the spectrum sensing outcome and the CTMC model in (4). Let ∈ {0, 1} denote the sensing outcome for the th ad-hoc band, i.e., (0) = . Given , the average traffic collision time over the th ad-hoc band is given by
where ∪ ∈ ( ) is the set of CRN transmission time over the sub-channels in phase ∈ {1, 2},
( ) represents the traffic collision time length in the th ad-hoc band during phase 1 . Each of the expectation terms in (5) can be calculated as follows
1 In the considered strong interference scenarios, the ad-hoc transmission in the th band is interrupted even if the CRN only transmits in one sub-channel ∈ . Therefore, our interference metric (5) is more practical than that of [19] which cumulates the traffic collisions for all the sub-channels within one ad-hoc band, e.g.,
where, according to (4),
By (6), the total traffic collision time summed over all the ad-hoc bands is given by
D. Joint Spectrum Access and Resource Allocation of CRN
The goal of the CRN is to control the source and relay's transmission powers
, and , , and their spectrum access strategies (1) and (2) , such that the average traffic collision time in (8) is minimized, while a minimum uplink throughput min can be maintained. The considered joint spectrum access and resource allocation problem can be formulated as the following optimization problem:
where and are given by (2) and (8), respectively, (9f) follows from (1), and max and max in (9c) denote the power constraints on the source and relay, respectively.
III. OPTIMAL SPECTRUM ACCESS AND RESOURCE ALLOCATION
Problem (P) is difficult to solve mainly because the objective function has no closed-form expression in general. Fortunately, this issue can be resolved by analyzing the optimal sets (1) and (2) , and problem (P) can be reformulated as a convex optimization problem, as we will present in this section. A subgradient based Lagrangian optimization method is also proposed to efficiently obtain an optimal solution of (P).
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A. Reformulation of Problem (P)
The key idea that makes this convex reformulation possible is to examine the optimal spectrum access (1) and (2) for problem (P). In particular, it can be shown (in Lemma 2 below) that the optimal spectrum access must satisfy the following two principles:
1) In both Phase 1 and Phase 2, the source and relay nodes should transmit as soon (late) as possible if the sensing outcome is IDLE (ACTIVE);
2) The CRN should have identical spectrum access strategy for the sub-channels that overlap with a common ad-hoc band; that is, ( ) = ( ) for all , ∈ , where ∈ ℳ and ∈ {1, 2}.
Principle 2) is reminiscent of the interference alignment technique in [28] since both of them align the transmissions in order to reduce the interference to the ad-hoc links. Let us definê
as the largest transmission time fractions over the sub-channels in phase . The following lemma is proved in Appendix B.
Lemma 2 For any given transmission time fractions
, , , } =1 in problem (P), we have that:
1) The optimal spectrum access strategy in Phase 1 is given by
] for all ∈ if the sensing outcome is = 0, and is given by
2) The optimal spectrum access strategy in Phase 2 is given by (2) = [ , ( +ˆ (2) ) ] for all ∈ if the sensing outcome is = 0, and is given by (2) 
if the sensing outcome is = 1.
An example that illustrates the spectrum access strategy of Lemma 2 is shown in Fig. 3 . According to Lemma 2, the integration region in each term of (8) can be simply expressed as a time interval. In order to simplify (8), we define for ∈ [0, ],
(1) ( ; and define for
Then, the interference metric in (8) can be expressed as
It is easy to verify that the functions (1) ( ; ) and (2) ( ; ) in (11)- (14) are strictly increasing and strictly convex functions of . Thus in (15) is a convex function ofˆ (1) andˆ (2) . On the other hand, it follows from (2), (10) and Lemma 2 that the constraint (9b) of (P) can be equivalently expressed as
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which is a convex optimization problem. While problem (19) can be solved by interior-point methods,
we present in the next subsection a low-complexity Lagrangian optimization method. (19) Suppose that problem (19) is strictly feasible. Then, according to the Slater's condition [27] , the strong duality holds for (19) . Hence we can alternatively consider the following dual optimization problem
B. Proposed Lagrangian Optimization Method for Problem
where ≜ { (
, +
is the partial Lagrangian [29] of (19), ≥ 0, ≥ 0, ≥ 0, and ≥ 0 are the dual variables associated with the constraints (19b), (19c), (19d), and (19e), respectively. As will be shown, the inner minimization problem of (20) has closed-form solutions for
, and , for = 1, . . . , , andˆ (1) andˆ (2) for = 1, . . . , . Hence, the computational complexity for solving the inner problem is only linear with respect to and . Moreover, the outer maximization problem of (20) only involves four optimization variables ( , , , ), which is much smaller than the number of variables of the primal problem (19).
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Suppose that a dual variable ≜ ( , , , ) is given. Let us present the closed-form solutions of the inner minimization problem of (20) . Because the inner problem is convex, the optimal (
, , , ,ˆ (1) , (2) ) for fixed dual variable must satisfy the Karush-Kuhn-Tucker (KKT) conditions [27] of the inner problem, which can be expressed as [19] , [30] :
,
) ln 2
where ( ) ≜ log 2 (1 + ) − (1+ ) ln 2 in (25) and (26) .
We first solve (22) to obtain the optimal ratio
(1) ,
, > 0, then equality in (22) holds, and an optimal
(1) , ˆ (1) is equal to the positive root of the following quadratic equation
If (22) (24) as (2) ,
where [ ] + = max{ , 0}. Instead, if , = 0, we obtain from (23) and (24) that
where (30) is the water-filling solution when the source directly communicates with the destination without the use of relay.
The optimalˆ (1) andˆ (2) can be obtained by solving (25) and (26), respectively, provided that the optimal (1) , 
, (25)- (26), and by the definitions of (1) ( ; ) and (2) ( ; ) in (11)- (14), we can obtain the optimal values ofˆ (1) andˆ (2) as follows: For = 0, we have 1
(2) = min
and for = 1, we havê
By substituting (32)- (35) into (27)- (31), the optimal
, , , can then be obtained.
What remains for solving (20) is to optimize the dual variable = ( , , , ) for the outer maximization problem. In view of that the dual function of (19) (the optimal value of the inner problem of (20))
Algorithm 1
The proposed Lagrangian optimization algorithm for solving (P)
1: Input the system parameters ( , , , max , max , , min ), the ad-hoc traffic parameters { , } =1 , the channel quality { , , , , , } =1 , the sensing outcome { } =1 and a solution accuracy .
2: Set the iteration number = 1; initialize the dual variable 1 .
3: Compute the optimal {
, , , } =1 and {ˆ (1) ,ˆ (2) } =1 according to (27) - (35). 4 : Update the dual variable +1 according to (36) and (37).
5: If ∥ +1 − ∥ 2 ≤ , go to Step 6; otherwise, set = + 1 and return to Step 3.
6: Output the optimal primal solution {
, , , } =1 and {ˆ (1) ,ˆ (2) } =1 . The optimal spectrum access strategy { (1) , (2) } =1 can be obtained by Lemma 2.
may not be differentiable [31] , we consider to update using the subgradient method [32] . Specifically, at the th iteration, the subgradient method updates by [32] 
where the subscript denotes the iteration number, is the step size of the th iteration, and ( ) is the subgradient of the dual function, which is given by [31] 
where
★ , and ★ , are the optimal solution of the inner minimization problem (20) at iteration , and ★ 1 and ★ 2 are the corresponding rate values in (17) and (18), respectively. It has been shown that the subgradient updates in (36) converge to the optimal dual point ★ as → ∞, provided that the step size is chosen according to a diminishing step size rule [32] . The convergence speed of the subgradient method can be improved if one further considers the acceleration techniques in [31] , [33] , [34] . In Algorithm 1, we summarize the proposed Lagrangian dual optimization algorithm of (P).
C. Simulation Results
In this subsection, we provide some simulation results to examine the performance of the proposed CRN spectrum sharing strategy in (P). The parameters used in the simulations are listed in Table I . Since = = 2, we simply set 1 = {1} and 2 = {2}. We compare the proposed CRN spectrum sharing strategy with two degenerated strategies, namely, the relay-free strategy and the sensing-free time-hopping random access strategy. Similar to the work in [19] , the relay-free strategy only considers the direct uplink transmission from the source to the destination.
To implement this strategy, we simply set , = , = 0 for (P).
For the sensing-free strategy, the transmitter and relay transmit signals in randomly chosen time slots (i.e., time hopping random access) without exploiting the spectrum sensing outcomes [35] . In this strategy, all sub-channels access the spectrum at the same time, i.e.
( ) 1 = ( ) for all ∈ ; the transmission time fractions of the two phases are also set to the same value, i.e.,
= (2) . The optimal transmission powers {
, , , } =1 are obtained by maximizing subject to a fixed transmission time fraction { (1) , (2) } =1 and power constraints as in (9c). This optimization problem can be handled in a way similar to the Lagrangian optimization method presented in the previous subsection. Given the optimal {
, , , } =1 , we scale down { (1) , (2) } =1 in our simulations (which scales down both and simultaneously) until = min .
Figure 4(a) presents the performance comparison results of normalized average collision time ( / )
versus required uplink spectrum efficiency min /( ). We observe from this figure that for min /( ) < 0.1 bits/s/Hz, the relay-free strategy exhibits comparable performance with the proposed strategy;
whereas for min /( ) ≥ 0.1 bits/s/Hz, the proposed strategy yields a smaller average traffic collision time. The performance improvement is attributed to the assistance of the relay and the joint sourcerelay spectrum access and resource allocation design in (P). The sensing-free strategy always generates more traffic collisions than the proposed strategy simply because it does not utilize the spectrum sensing outcomes. Figure 4 (b) displays the optimal transmission time fractions { (1) , (2) } =1 of (P) versus required uplink spectrum efficiency min /( ). We observe that the spectrum access strategy of CRN can vary with min /( ). Specifically, for min /( ) ≤ 0.46 bits/s/Hz, the CRN only transmits over sub-channel 1, because the spectrum sensing outcome indicates that sub-channel one is not used by ad- Sensing result of Ad-hoc band 1:
Sensing result of Ad-hoc band 2: hoc links ( 1 = 0) and sub-channel two is occupied by ad-hoc links ( 2 = 1). For min /( ) > 0.46 bits/s/Hz, the CRN starts to transmit over both sub-channels in order to meet the more stringent throughput requirement.
IV. ERGODIC RESOURCE ALLOCATION AND REAL-TIME IMPLEMENTATION
In the previous section, the proposed spectrum access and resource allocation strategy is on the basis of frames-it guarantees the required CRN throughput min for every frame. While this strategy is promising in terms of performance, it may encounter several implementation issues:
1) Fixed instantaneous throughput constraint: The channel quality and sensing outcomes may vary across frames. The fixed instantaneous rate constraint of each frame may be too loose in the frames with favorable channel quality and sensing outcomes, and too stringent in the frames with adverse channel quality and sensing outcomes. In practice, satisfying instantaneous throughput constraint for each frame is usually unnecessary for delay tolerant applications.
2) High computational complexity: The CRN has to solve the joint spectrum access and resource allocation problem (P) for every frame, which may be computationally too demanding for practical systems;
3) Long sensing-transmission delay: The destination has to collect the spectrum sensing outcome { } =1 from the source and/or relay in order to solve (P). After solving (P), the destination node has to send these solutions back to the source and relay, by which the source and relay start the uplink transmission. Therefore, this may bring about a significant time delay between spectrum sensing and uplink data transmission if one takes into account the amount of time needed for solution calculation of (P) and round-trip signaling. This sensing-transmission delay will degrade the prediction accuracy of the average collision time in (8), and as a result will cause unexpected traffic collisions with the ad-hoc links;
4) Inaccurate ad-hoc prediction in Phase 2: In (P), the source performs only one spectrum sensing at the beginning of each frame. This may be inadequate to accurately predict the ad-hoc traffic in Phase 2. Allowing one more spectrum sensing at the beginning of Phase 2 would improve the ad-hoc traffic prediction. To do this, we have to exploit this additional sensing information in the spectrum access and resource allocation problem (P), which however makes the CRN system non-causal because (P) must be solved before data transmission in Phase 1.
The goal of this section is to resolve these issues. Our approach is to consider an ergodic resource allocation problem. Specifically, by modeling the link channel quality information (CQI) and spectrum sensing outcomes as random variables, the ergodic spectrum sharing strategy is to find the optimal spectrum access and resource allocation scheme for each frame so as to minimize the long term average traffic collision time while maintaining a long term average CRN throughput. In the first and second subsections, we will show how the Lagrangian optimization method in Section III-B can be applied to handling this ergodic spectrum sharing design problem. Then, in the third subsection we will illustrate how the obtained solutions can be implemented in a real-time fashion with the above four issues resolved in the meantime. In the last subsection, some simulation results will be presented.
A. Ergodic Spectrum Access and Resource Allocation
Assume that, in addition to the spectrum sensing at the beginning of Phase 1, the source and relay will perform one more spectrum sensing at the beginning of Phase 2. We denote the sensing outcome for ad-hoc band as ( ) = ∈ {0, 1} for = 1, . . . , . Moreover, we define a network state information (NSI) as
which includes both the CQIs and spectrum sensing outcomes over the two phases. In the ergodic spectrum access and resource allocation design problem, the NSI varies across frames. We assume that the channel fading gains, the ad-hoc traffics, and the sensing outcomes are all stationary and ergodic; furthermore, their statistical distributions are known to the destination.
According to the studies in [25] , [30] , [36, p. 205] and [37] , the spectrum access and resource allocation scheme of a frame depends only on the instantaneous NSI of the concerned frame. Therefore, similar to (8), the traffic collision time of the concerned frame is determined by
where ( ) ( ) denotes the set of CRN transmission time over sub-channel in phase given the NSI .
Note from (38) that, in contrast to (8) , the collision time in Phase 2 now depends on the sensing outcome . Since the NSI is stationary and ergodic across the frames, the long term average traffic collision time can be obtained by taking the expectation of ( ) over the distribution of the NSI [20] , i.e.,
Let us define the transmission time fractions ( ) ( ) as in (1), and definê
for = 1, . . . , and = 1, 2. It is not difficult to show that the optimal spectrum access strategies stated in Lemma 2 also hold true for the case with two spectrum sensings in each frame:
Lemma 3 For any given transmission time fractions
1) The optimal spectrum access strategy of Phase 1 is given by (1) 
if the sensing outcome of Phase 1 is
2) The optimal spectrum access strategy of Phase 2 is given by (2) 
if the sensing outcome of Phase 2 is
An example of Lemma 3 is illustrated in Fig. 5 . Define the two functionŝ (2) ( ; 1)=
In accordance with Lemma 3, in (39) can be simplified as
where (1) ( , ) has been defined in (11) and (12) for = 0 and = 1, respectively.
The achievable average rate of the multi-carrier CRN can be shown to be
and (1) , ( ),
, ( ), , ( ) are the transmission powers for a given NSI . The average rate can be achieved in slow fading environments, provided that the CRN adopts adaptive channel coding [26, Lecture 8] and allows the received data from the source node to queue up at the relay node [25] , [37] . Then, the relay can transmit more data when channel quality and sensing outcome in Phase 2 is favorable. We should mention that is not the ergodic data rate in the Shannon sense; it is the rate achieved by taking the average over many adaptive channel coding blocks.
It follows from (43) and (44) that the ergodic spectrum access and resource allocation problem is
B. Lagrangian Optimization Method for Problem (47)
Problem (47) can be efficiently handled following the idea in Section III-B. Specifically, we solve the
, ( ),
where ≜ {(
, ( ), , ( ) ≥ 0, ∈ , ∈ ℳ } , and
is the partial Lagrangian of (47).
Given a dual variable = ( , , , ) , the optimal
, ( ) (2) ( ) and , ( ) (1) ( ) of the inner minimization problem of (48) can be exactly obtained by (27) - (31), with
respectively. The optimalˆ (1) ( ) can be obtained by either (32) or (34), depending on the sensing result . By (41) and (42), the optimalˆ (2) ( ) is given as follows: If = 0,
, ( )
otherwise,ˆ (2) ( ) = min
, ( ) (2) ( )
By substituting (32) , (34), (50) and (51) into (27)- (31), the optimal values of
, ( ) and , ( ) can then be obtained.
We now optimize the dual variables = ( , , , ) , again by the subgradient method for solving the outer maximization problem of (48). In the th subgradient update, the subgradientˆ ( ) at the point is given byˆ
where Given a set of NSI , we first solve the ergodic resource allocation problem (47) to obtain the optimal dual solution ★ . With ★ , the primal solutions { (1) , ( ), (2) , ( ), , ( ),ˆ
(1) ( ),ˆ (2) ( )} then are updated in an on-line fashion based on the true NSI of each frame:
Off-line dual optimization (only at the destination):
(S1) Generate a set of NSI realizations following the distributions of the CQI { , , , , , } =1 and the sensing outcomes { , } =1 , which are assumed known to the destination; (S2) Obtain the optimal dual variable ★ of (47) by the subgradient based Lagrangian optimization method.
On-line primal solution update (at the source, relay, and destination in a collaborative fashion):
, , (ℓ), (ℓ), (ℓ), ∈ , ∈ ℳ} be the NSI of the ℓth frame:
and (ℓ) to obtain the resource allocation strategy
for Phase 1 of frame ℓ using (27) , (32), and (34);
and (ℓ) to obtain the resource allocation strategy (2) , ( ℓ ), , ( ℓ ) and (2) ( ℓ ) for Phase 2 of frame ℓ using (28)- (31), (50), and (51).
As expected, when the number of NSI realizations for off-line dual optimization and the number of frames for the on-line primal solution update are both sufficiently large, the CRN using the proposed implementation method will converge to the optimal solution of (48).
While the off-line dual optimization may require many iterations before convergence, the on-line primal solution update in each frame involves only simple calculations of closed-form formulas. Therefore, the major computations are accomplished off-line at the destination (base station), and the required real-time computations are significantly less compared with problem (P).
2) Negligible sensing-transmission delay: Next, let us present how Step (S3) and (S4) can be implemented such that the sensing-transmission delay is negligible. In practice, the destination is able to acquire the CQI { , (ℓ), , (ℓ), , (ℓ)} =1 through prediction before frame ℓ, if the wireless channel varies slowly across the frames [38] . Given the CQI { , (ℓ), , (ℓ), , (ℓ)}, the destination can compute the ratio
according to (27) - (31) in frame ℓ − 1. To compute (1) ( ℓ ), the destination needs the information of the sensing outcome (ℓ). While this is not available at this stage, the destination can compute both values ofˆ (1) ( ℓ ) in (32) and (34) in advance for both (ℓ) = 1 and (50) and (51) can also be computed in advance at the destination for both (ℓ) = 0 and (ℓ) = 1. The destination sends
and the two possible values ofˆ (1) ( ℓ )
to the source node before frame ℓ starts. The destination also sends
and the two possible values ofˆ (2) ( ℓ ) to the source node before Phase 2 of frame ℓ starts, and meanwhile sends
and the two possible values ofˆ (2) ( ℓ ) to the relay node. Note that only two sets of transmission parameters are fed back to the source and relay nodes, even if the number of different sensing outcomes is 2 2 in each frame. This is because the transmission parameters of different sub-channels in (S3) and (S4) are irrelevant, thanks to the dual decomposition techniques [29] , [31] .
After receiving the feedbacks from the destination, the source node performs spectrum sensing at the beginning of Phase 1. Based on this timely sensing outcomes { } =1 , the source selects the corre-sponding values of {ˆ (1) ( ℓ )} =1 for Phase 1 data transmission. Similarly, before Phase 2 transmission, the source and relay nodes perform spectrum sensing to obtain { } =1 , and select the corresponding values of {ˆ (2) ( ℓ )} =1 . As a result, the source and relay nodes can transmit information signals right after spectrum sensings in Phase 1 and in Phase 2 with almost no delay.
3) Improved ad-hoc traffic prediction with causality: As seen from (S1) and (S2), since the network state is stationary and ergodic, the destination can obtain ★ only based on the statistical distribution of the NSI , but not the actual realization in each frame [36] . With ★ , the CRN obtains the transmission strategies by using the real-time realizations of the NSI. In particular, as seen from (S3) and (S4), the transmission strategy in Phase 1 is determined solely by (ℓ) but not (ℓ), and that in Phase 2 is determined only by (ℓ). This implies that these real-time informations can be utilized causally to improve the ad-hoc traffic prediction. However, it is not possible for problem (P) to design the optimal transmission strategy by causally exploiting the sensing information (ℓ).
D. Simulation Results
We present some simulation results in this subsection to demonstrate the effectiveness of the proposed ergodic CRN spectrum sharing strategy in (47). The number of sub-channels is 16 ( = 16) and the number of ad-hoc bands is 4 ( = 4). Each ad-hoc band overlaps with four consecutive CRN subchannels, and the four ad-hoc bands do not overlap with each other. is set to 0.5.
The channel coefficients ℎ , (where ∈ { , } and ∈ { , }, ∕ = ) are modeled as independent and identically distributed Rayleigh fading with zero mean and unit variance. We assume that the relay is located right in the middle of the source and the destination. The large-scale path loss factor of all the wireless links is set to 4. Suppose that the signal-to-interference-plus-noise ratio (SINR) of the sourcedestination link is set to max {|ℎ , | 2 } = 5dB. Assuming that = and max = max , both the SINRs of the source-relay and relay-destination links are equal to
based on the path-loss factor. The simulation results are obtained by averaging over 500 realizations of NSI (averaging over 500 frames). To compare with the proposed ergodic CRN spectrum sharing strategy, we also test its relay-free and sensing-free counterparts. The performance of the proposed CRN strategy using only phase-1 spectrum sensing is also presented. We can observe from Fig. 6 (a) that the proposed strategy outperforms both the relay-free strategy and the sensing-free strategy. Moreover, the proposed strategy with spectrum sensing in two phases performs better than with only phase-1 spectrum sensing.
To further examine how the behavior of the ad-hoc traffics affects the performance of the proposed strategy, we define a parameter, called the relative variation rate of the ad-hoc traffic state or the relative sensing period of the CRN, as
where = and = for all . A small value of (that corresponds to small values of and )
implies that the on-off state of the ad-hoc traffic changes slowly in each CRN frame. However, the ad-hoc versus relative variation rate for = and various values of¯ min /( ). From Fig. 6(b) , one can observe that the proposed strategy performs best. However, the performance gaps between the proposed strategy and the relay-free and sensing-free strategies decrease with , because the ad-hoc traffic is more difficult to predict for large .
We can also see from Fig. 6(b) and Fig. 6(c) that the performance of the relay-free strategy seriously degrades as¯ min /( ) increases from 0.6 bits/s/Hz to 1.7 bits/s/Hz. The performance degradation of the relay-free strategy is much larger than that of the proposed strategy because the CRN is capable of supporting higher uplink throughput than the relay-free strategy. In Fig. 6(d) , the results of the relay-free strategy are not shown because this strategy is not feasible in supporting¯ min /( ) = 2.8 bits/s/Hz.
V. CONCLUSIONS
In this paper, we have examined the spectrum sharing problem between the cooperative relay network and nearby ad-hoc network under the open sharing model. In view of the fact that the CRN can cause strong interference to the ad-hoc network due to the near-far effect, we have presented joint spectrum access and resource allocation strategies for the CRN that minimize the traffic collision time between the CRN and ad-hoc network while guaranteeing the uplink CRN throughput. Both frame-level design and ergodic design are presented. For the former design, we have shown how the nonconvex spectrum access and resource allocation problem can be efficiently handled by the low-complexity Lagrangian optimization method. For the latter design, we have presented a practical real-time implementation method with merits of negligible sensing-transmission delay and more accurate interference prediction (due to two-phase spectrum sensing). Simulation results have shown that the proposed CRN spectrum sharing strategies outperform the relay-free strategy and the sensing-free strategy. Interestingly, we have also observed that the CRN using the optimal spectrum sharing strategy yields shorter traffic collision time than the relay-free strategy even though in the CRN both source node and relay node could interfere with the ad-hoc links.
Our studies presented in this paper are based on the CTMC model for the ad-hoc traffics. Devising optimal CRN spectrum sharing strategies based on models that fit practical ad-hoc traffics better than the CTMC model (e.g., the semi-Markov model [9] ) is of great interest and is currently under our investigation.
channel [40] (also see [25, p. 2033] ), the destination is able to decode massage if
) + ∑
=1
(2) log 2
1 +
) .
Once is obtained, the destination can decode (2) by subtracting the signal from the relay from the received signal in Phase 2. Thus, the maximum decodable rate of (2) is given by
) . Assuming that the spectrum access strategy (A.2) is employed, we further show that 
] and (2) = [ , ( +ˆ (2) ) ] for all ∈ , and if = 1, then the optimal transmission time intervals are given by (1) = [( −ˆ (1) ) , ] and (2) = [(1 −ˆ (2) ) , ] for all ∈ . Lemma 2 is thus proved. ■
